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Abstract 

We derive the polarization Density matrix for heavy quark-antiquark pair produced 

by gluon fusion or quark arzihilation. These formulas are applied to find the angular 

correlations of the W+W’- ?airs from ultra-heavy Qa decays. 
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The heaT;- !r.vor production has been of constant interest in the past decade 

1-181. The foe-s has shifted from charm and bottom to top and to ultra-heavy 

quarks in conrecrion with a possible fourth generation or other extensions beyond 

standard model. One of the first theoretical efforts has always been to estimate the 

total and differential production cross sections. The information contained in the 

polarizations of :he produced quarks are supposed to be lost as they fragmented 

into mesons and then decayed. While this is probably a good approximation for 

charm and bottom, it had been argued that for top and for ultra-heavy quarks 

the polarizations can make a significant difference to the calculated decay correla- 

tions[ll]. 

There is no doubt that finding the top and measuring its mass accurately is one 

of the major experimental concerns today. However, it has been pointed out that 

the existence of ultra-heavy quarks with masses of the order of 100 GeV may well 

be probed in the present hadron colliders [12,13,15]. Indeed, with an estimated QQ 

production cross section of the order of 100 pb for quark mass around 100 GeV at 

Tevatron[l3], even a study of decay correlations is feasible. 

In this note. we give the polarization density matrix for QQ produced by gluon 

fusion and by qp annihilation. The corresponding quantity for QQ produced in 

e+e- collisions ~*:a5 given by Anselmino, et a1.[14]. 

The polarizerion density matrix can be used in a number of ways. In particular, 

we shall use them to give the decay correlations of the W-pairs for the case of ultra- 

heavy QQ production. The effect of including polarization correlation is found to 

be of the order of ten percent for quark mass m in the range m, < m < 2m, in 

this particular situation. 

Let us consider first the case of gluonfusion and denote by M (plal,pg2; qlX1, q2X1) 

the amplitude for two gluons with four-momenta pI,pz and helicity oi,o* to fuse 

into QQ of momenta q1, q2 and helicity Xi,Xr respectively. The polarization density 

matrix P is defined by 

P 
1 

A:“l;A& = 4(N2 _ 1)2 Q,ol c l&f (Pl~l,Pz~z; q1X1,qzXz) M’ (Plol,p26*;qIx:,q2x;) 

t.11 

where N is the number of colors. 

For the helicity eigenstates of massive quarks, we use the convention of Ref. 19. 
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These helicity eigenstares can be shown to satisfy the relations 

u :a. A) ii (p, A,) = ; (mr p) (?oo- e’750i)AA I (4 

1’ iP: A) fi (P, Xr) = ; (m- p) po7 f&3i)AA I (.3) 

Where 00 = 1 is the 2x2 identity matrix, pi are the usual Pauli matrices, 8, = CJ~O,O~ 

and en are the following four vectors: 

e%) = ;P mz = Pa (.4) 

e’(p) = IPW: PZ) < 0, -P*(lPl +P*) - P;,P.P”,P.(lPI +pJ > (.5) 

4P) = 
1 

iPl(lPl + P.) 
< 07 -PzP,,P*(lPl + P.) + PZ, -P”(IPI + p*) > (4 

e%J) = -A < IpI, Jffi > 
/PI 

(.7) 

In the above formulas, Ipj is the absolute value and pz, pv, p, are the components 

of the three-momentum F. When p’ approaches the direction of the negative Z-axis, 

we choose the convention to put p, = 0 first. \\“e also note that e:(p) is a matrix 

for Lorentz transformation. 

I: is easy to prove the following useful identities: 

7@uC7p = 2moo - m( poo- e’rjoi) 

Y#UV7 = -22mbo - m( f?so- pi7sei) 

(4 

(4 

Using equations (2),(3),(S) and (9), we obtain the density matrix P for gluon fusion. 

p = q+- 1 
N2 - 1 

)” 
(JO) 

+ i 1 l- + [ k (p * efp . ej, - T . e;, . e;) 

f y (r. efp. ef, - p . e;r . ej?) ] 0; @ sj C.11) 
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where o, = g’i41r is the strong cou?:ing constant? e; = e’(ql), ~1 = c’(~:) and 

2 

z = 2(t - my (u - 7722) 
j.12) 

YZ = (1 -pz)-l = $ (.13) 

P = P1+P2,~=P1-P*:S=PZ,t=(P1-q1)*,tl=(P1-qqZ)~ (J4) 

In the CM frame and choosing the positive Z-axis to be the direction of motion 

of the heavy quark Q, the X-Z plane to be the interaction plane so that 

r = s+(O,sinti,O,cosB) 

2 

lz = l-p~cos~o 

we can write @ as 

C.15) 

t-16) 

9 = ~o~o~~o+~lal~~81+azaz~6~+~3u3~~3 
+ a4 (u3& +a&&) (J7) 

where 

a0 = 1-1-L 1-G 
z T2 i ) 

a1 = a0 - 17- 1 - + sin’0 
i ) 

a2 = l--a0 

a3 = --ao+ l-4 
( 1 w 

(1 + cosz 0) 

al = A l- + sinBcos8 
7 i ) 

Note that 

I--$= 
@*sin* 0 

1 -pcos*e 
vanishes at threshold and in the forward/backward directions. 

(.4 

(.19) 

(20) 

C.21) 

t.22) 

623) 
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The differential production cross sections is proportional to TrP. 

4nzaz 
$P = I 

( 

1 
N 

Z-l- 
N2 - 1 ao 1 C.24) 

which agrees with the known results [3-S] although it is in the simpler factorized 

form of Ref. 17. 

For the density matrix P,, corresponding to the process qg -+ Qs, we obtain 

P, = 6251 

+ 1 I( s 
p . e;p 2; - r. etr . e$ + ~(‘.eIp-e;-p.e;r.ef)]~~~~~ 

In the CM frame and choosing the same convention for z and z axis as before so 

that equations (12),(13) are replaced by 

r = Sfpi (O,sine,cose) t.27) 

2 
z = 

1 - pp,’ d 8 t.28) 

where pi is the CM velocity of the incoming quark, we find that 

+q = boao @se + ho1 @@I + b2a2 @ a2 + b3ry3 @ 63 

+ b4 (Us@% +o&m) C.29) 

1 1 
b. = I-;+~ 

27 

bl = bo - I+ p;sin’e 

bz = 1 - b. 

b3 = -bo + (I+ pi’ cos2 8) 

b4 = $sinBcose 

C.30) 

C.31) 

c.32) 

C.33) 

t.341 

Again, the differential cross section for QQ production is proportional to TrP, 

and our result agrees with the known one (4-S]. 
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We can apply our formulas for polarization density matrix to find the de- 

cay correlarions of IV+lV- pairs when the mass m of Q is large enough. Let 

.lf (Ql? x1: k,c:. riri) be the amplitude for the decay of Q into a 11. with four- 

momentum ;;I, helicity oi, and a light quark of four-momentum ri, helicity rr. 

!Ye define the decay matrix DAAI to be 

DA = c M (q1X; klU1, nr1) M’ (q1X’; klUl, SIrI) 
o,r, 

(.35) 

Similarly, let &f (psXs; k,az,r2r2) be the decay amplitude for Q and define 

&A = c ti(qJ;b;km,rm) fi’ (qzh; kv2,r2r2) 
02 72 

c.36) 

It is easy to show that 

D = m21gqp,/2v~ e%, 
D = m2~q~~,]2VZ . e’o, 

where VI., are the four vectors 

C.37) 

C.38) 

v, = ciGi + c$i 

li = jki - (ki. &) $1, 7, = [,/(-lf)t (.39) 

ci = ~ (6~ - 3m”6i + 2) 
m 

c; = g&-32) (b;-4)+ 

6, = 21;:.&= & (m2 + m; - &) 

t.401 

In equation (42), m; are the masses of the final state quarks. If we neglect the 

masses rnl,z: we have 

Cl = cz = 2m2mZ, l ( m2 + 2m;) (n-2 - m;) 

c: = c; = 2m:m; (m2 - 274) (m* - d) 

t.431 

C.44) 
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De:‘.ne t~he decay correlation matrix D by 

D=D@d (.45) 

T:len the differential cross section for the production and decay of QQ in the narrow 

width approximation is 

da = 
1 Tr (PD) 

128~3s TrD 
B(QdJG)B(Q ) -*Wq d(~co~B)dfl~,d~~ (.48) 

where B(Q -+ Wq)B(g --* W?j) are the branching ratios for Q,Q to decay to 

K‘q, Wp respectively and dR1, dRs are the differential angular elements for W’s in 

the respective rest frames of Q, Q. In these frames, 

i, = (0, sin O1 cos 41, sin 01 sin 41, cosOi) 

and we find 

1: = (0, sin& cos &, sines sin&, cos e2) 

(.47) 

T@‘) = 
TrD 

a0 + c{ (aicos&cos#9+arsin&sin&)sinBlsinBz 

+ ~sc0se1c0sez+~c(sine1cosezcos~I+cose1sine2cos~2)} 

e = c;c;/‘c,cz c-1 

The above formulas are for gluon fusion. For @j annihilation, we need only 

replace as, . . . . ad by bo, . . . . bq. 

The effect of considering nontrivial polarization density matrix is measured by 

the magnitude of e and those of ailas (bi/bo). A s can be seen from equations (43) 

and (44), c is nonnegative and is smaller than one. It is no larger than 12% for 

m between mw and Zm,. c is, of course process dependent. a;/as do not depend 

0:. particular decay processes but only on p: the CM velocity of Q, and on 6’, the 

C-V production angle. Near threshold, lai/a,i - 1 and Ibi/bel < 1. In general, their 

magnitude is of order 1 so that for m, < m < 2n, we do not expect much more 

than 12% effect in the W+W- decay correlation. 

In Fig. 1, we plotted c aa a function of m/m,. In Fig. 2, we plotted a;/~,, at 

0 = x/2 as a function of p and Fig. 3 is a similar plot for bi/bo. 
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To obtain quantitative physical predictions for hadron colliders, we have to 

fold in equation (46) the parton distribution functions [ZO] and compute various 

interesting observables such as invariant mass or pt distributions of the If’-pairs. 

These investigations are in progress. 

I wish to thank C. Quigg and J. L. Rosner for suggesting the problem and for 

many useful discussions. I also thank R. K. Ellis for reading the manuscript and 

valuable suggestions. 

Figure Captions 

Fig. 1: C a3 a function of m/m,. 

Fig. 2: aila, at e = ~12 as a function of p. 

Fig. 3: hi/b. at 0 = x/2 as a function of p. 

References 

Lli 

i2: 

;3j 

141 

:5j 

P! 

I71 

181 

PI 

1101 

H. Fritzsch, Phys. Lett. 67B, 217 (1977) 

F. Halzen, Phys. Lett. 69B, 105 (1977) 

M. Glcck, J.F. Owens and E. Reya, Phys. Rev. D17, 2324 (1978) 

L.M. Jones and H. Wyldl Phys. Rev. D17, 1782 (1978) 

J. Babcock, D. Sivers and S. Wolfram, Phys. Rev. D18, 162 (1978) 

H. Georgi, et al., Ann. Phys. 114, 273 (1978) 

K. Hagiwara and T. Yoshino, Phys. Lett. SOB, 282 (1979) 

B.L.Combridge, Nucl. Phys. B151,429 (1979) 

S. Pakvasa, M. Dechanstsreiter, F. Halzen and D.M. Scott, Phys. Rev. D20, 

2862 (1979) 

L.M. Sehgai and P.M. Zerwas, Nucl. Phys. B234,61 (1984) 



-8- FERWLAB-Pub-87/31-T 

:ll] J.H. Kiihn. Sucl. Phys. B237, ii (1984); I. Bigi and H. Krasemann, Z. Phys. 

c7, 127 (1931) 

j12] V. Barger, H. Baer, K. Hagiwara and R.J.N. Phillips, Phys. Rev. D30, 947 
(1984) 

[13j J.L. ~0sner. Phys. Lett. 146B, 108 (1984) 

[14] M. Anselimino, P. Kroll and B. Pire, Phys. Lett. 167B, 113 (1986) 

[15] I. Bigi, et al., “Production and Decay Properties of Ultra-Heavy Quarks”, 

SLAG-PUB-4021 (1986) 

[lS] R.K. Ellis and J.C. Sexton, “Explicit Formulas for Heavy Flavor Production”, 

FERMILAB-PUB-86/111-T 

[17] R.K. Ellis, ‘Forward Production of Heavy Flavors in Parton Nucleon Scat- 

tering”, FERSIILAB-CONF-86/35-T 

[18] K. Hagiwara and D. Zeppenfeld, Nucl. Phys. B274, 1 (1986) 

[19] See for example, E. Eichten, I. Hinchliffe, K. Lane and C. Quigg, Rev. Mod. 

Phys.56, 759 (1984); Errata = FERMILAB-PUB-86/75-T 



C 

a 
I I I I I I I I I I I I I I 



%o 

-.5 0 .5 
, I I I 

I 
I I I 

I 
I I I I 

I 
I I I I 


